Configuration-average distorted-wave calculations are carried out for electron-impact single ionization of all ionization stages of krypton. Contributions to the cross sections are included from both direct ionization and excitation autoionization. Good agreement with experimental crossed-beams measurements is found for many of the moderately charged ionization stages. Maxwellian-averaged rate coefficients are calculated for each ionization stage and then archived for future use in studies of ionization balance in astrophysical and laboratory plasmas.
I. INTRODUCTION
An important element in controlled fusion experiments is krypton, where it is used as an ion density diagnostic and is pumped into the divertor to assist in radiative cooling ͓1͔. As a consequence, a great deal of theoretical and experimental work has been done on the study of electron-impact excitation and ionization of the krypton atom and its ions. In the following two paragraphs we review previous studies of the electron-impact single ionization of the krypton atom and its ions.
The electron-impact ionization cross section for the neutral krypton atom has been experimentally measured by several groups ͓2-4͔. Recently, ionization cross sections for Kr 12ϩ through to Kr 18ϩ were measured by Khouilid et al. ͓13͔ using an animated crossed-beams method. Only the Kr 18ϩ measurements were compared with the configuration-average distortedwave calculations, the rest only being checked against the Lotz parametric expression ͓6͔. Although there are no experimental measurements for more highly charged ions than Kr 18ϩ , there are a few theoretical studies. Chen and Reed ͓14͔ carried out fully relativistic distorted-wave calculations for the ionization of Kr 24ϩ and Kr 25ϩ , including contributions from both resonant excitation and excitationautoionization. Badnell and Pindzola ͓15͔ carried out level to level distorted-wave calculations for the ionization of Kr 30ϩ , Kr 31ϩ , and Kr 32ϩ , also including contributions from both resonant excitation and excitation autoionization.
In this paper we present a complete study of the electronimpact single ionization of the krypton atom and its ions, calculating configuration-average distorted-wave cross sections and rate coefficients for all ionization stages. Using modern scripting languages that manipulate both input and executable files, the calculation of direct and indirect contributions to the total ionization cross sections has been automated in preparation for large-scale calculations of all ionization stages of heavy elements ͓16͔. In the light of current fusion experiments to investigate the use of heavy elements, such as tungsten, for use as wall erosion markers and wall surface components, there is a need for comprehensive atomic data for such complex species ͓17͔.
Because of its importance as a fusion plasma diagnostic, krypton was chosen to test the automated running of the configuration-average distorted-wave codes. As outlined in the previous paragraphs, there is a substantial amount of experimental measurements against which the configurationaverage distorted-wave results can be checked. There are also recent experimental measurements that are yet to be compared with distorted-wave theory, i.e., Kr 12ϩ through to Kr 17ϩ . Many of the krypton cross sections have already been calculated using distorted-wave theory, and more complex techniques, so that only a small selection of the full results are presented. For the lower ionization stages of krypton, dominated by direct ionization, the configuration-average distorted-wave approach is the only currently feasable method of calculating ionization cross sections. The R matrix with pseudostates, convergent close coupling, and time-dependent close-coupling methods have only been applied to calculate direct ionization cross sections for relatively simple ions involving one or two active electrons. For the moderately ionized stages of krypton, in which indirect ionization processes become more important, the standard R matrix and level-to-level multiconfiguration distorted-wave methods have been applied to calculate excitation-autoionization contributions. For the total indirect ionization cross section, the configuration average distorted-wave method can be just as accurate as these more complex methods. That is, a good total sum over the many terms or levels present in these complex systems is somewhat easier to obtain than any one individual term or level cross section. The configuration average distorted-wave approach also allows us to generate data for a complete isonuclear sequence for heavy elements such as krypton, something that would be impractical using more complex methods.
The direct and indirect contributions to the ionization cross section are integrated with a Maxwellian electron distribution to provide rate coefficients for plasma modeling. Both initial and final state level resolution for the configuration-average direct ionization rates is recovered exactly by simple multiplication by the appropriate angular branching factors ͓18͔. Level resolution for the configuration-average indirect ionization rates is recovered only approximately by simple multiplication by the appropriate statistical weights. The configuration-average rate coefficients will be archived in the database for the Atomic Data and Analysis Structure ͑ADAS͒ Project ͓19,20͔ and will also be available on the Internet at the Oak Ridge National Laboratory's ͑ORNL͒ Controlled Fusion Atomic Data Center ͓21͔. The final aim in the generation of such complex species data is the spectral modeling and fitting of heavy element spectra. This requires absolute excited-state populations. Thus, the rate coefficients generated in this paper will be used both in ionization balance calculations and in collisional-radiative modeling of excited-state populations. In Sec. II we give a brief review of the theoretical and computational methods, in Sec. III we compare our theoretical results against experiment and other calculations, while in Sec. IV we conclude with a brief summary.
II. THEORY
Major contributions to the electron-impact singleionization cross section are made by the following two processes:
where q is the residual charge on the atom. The first process is termed direct ionization, and the second is excitation autoionization. For highly charged atoms, the radiativestabilization process,
acts to reduce the contribution from excitation autoionization. An additional process,
called resonant-excitation double autoionization, may also contribute to the single ionization of an atom. Autoionization of (Kr (qϪ1)ϩ )** to a bound state of Kr qϩ , or various radiative stabilization processes, acts to reduce the contribution from resonant-excitation double-autoionization.
For each ionization stage of krypton, a set of initial and final configurations are needed for each collisional ionization process. For example, the ground configuration of Kr 25ϩ , 1s 2 2s 2 2 p 6 3s, is connected to the final ground configuration of Kr 26ϩ , 1s 2 2s 2 2 p 6 , giving direct ionization of the 3s subshell. Likewise, the initial ground configuration of Kr 25ϩ is connected to the final excited configuration of Kr 25ϩ , 1s 2 2s 2 2 p 5 3s3d, giving excitation autoionization. For each ionization stage, the required sets of configurations are generated automatically via a code that is part of the ADAS suite of codes ͓20͔. Using a graphical interface, one chooses the possible configurations for use in the ionization calculations via the entry of some boundary conditions ͑e.g., lowest nl subshell to directly ionize from, highest nl subshell to include in the excitation autoionization calculation͒. These boundary conditions are used to generate configuration lists for all ionization stages of interest. Some finetuning of this configuration list is possible, for example, for Kr 4ϩ direct ionization from the 3d subshell is not calculated because the resulting Kr 5ϩ configuration is autoionizing and thus contributes to the double ionization of Kr 4ϩ . Thus, a refined configuration list for ionization was generated for all stages of krypton and the relevant driver files for the various atomic structure and electron-atom collision codes produced.
A modern scripting language is used to match driver files with and run the executables for the various structure and scattering codes. The threshold energies and the bound radial orbitals for the krypton configurations are calculated using the Hartree-Fock relativistic atomic structure code of Cowan ͓22͔, where the mass-velocity and Darwin terms are included in the radial Schrödinger equation. The direct and excitationautoionization contributions to electron-impact single ionization of an atom or ion are calculated in a configurationaverage distorted-wave approximation ͓23͔, which has been successfully employed in the study of many ionized systems ͓24 -29͔. The continuum radial orbitals are calculated as distorted-wave solutions of the radial Schrödinger equation using configuration-average Hartree and semiclassical exchange potentials and also including mass-velocity and Darwin terms. For the more highly charged ionization stages, configuration-average radiative and autoionization rates are evaluated and used to determine the branching ratios needed for contributions from excitation autoionization. In this work, we have not included contributions from resonantexcitation double autoionization, which are generally small compared to the contribution from excitation autoionization. The main limitation of the configuration-average approach is that it does not account for interaction among configurations.
The ionization cross sections are transformed into rate coefficients by integration with a Maxwellian velocity distribution at the appropriate temperature. The calculated ionization cross sections are fitted to simple functions of the incident electron energy to provide parameters for the Maxwellian integration. Configuration-average photoionization calculations are used to obtain the infinite energy limit point for the direct contributions to electron-impact ionization. The cross section contributions from excitation autoionization at the higher incident energies are given by extrapolations of fits to the lower-energy results. The resultant rate coefficients are archived in an ADAS standard data format on a 12 point temperature grid.
III. RESULTS

A. Single ionization of the neutral Kr atom
Configuration-average distorted-wave results for the electron-impact single ionization of neutral krypton are presented in Fig. 1 . A comparison with the experimental measurements of various authors ͓2-4͔ is shown. In the running of the configuration-average distorted-wave codes one can select either a post or prior form for the first-order scattering amplitude. The prior form means that the incident and scattered electrons are calculated in a V N potential, while the bound and ejected electrons are calculated in a V NϪ1 potential (N being the number of bound electrons on the target ion͒. In the post form for the scattering amplitude all electrons experience a V NϪ1 potential. Both the post and prior results for neutral krypton are shown in Fig. 1 . The prior form produces better high-energy results, but neither can reproduce either the height or shape of the experimental cross section for neutral Kr. It has been found that the prior form can lead to nonphysical shape resonances for neutral species ͓30͔, so it was decided to use the post form in all future calculations of neutral atoms. The post and prior forms produce very similar results for ionization of positively charged atomic ions. For more accurate neutral atom ionization cross sections one should use various nonperturbative methods, such as the R matrix with pseudostates ͓31͔, convergent close coupling ͓32͔, time-dependent close coupling ͓33͔, hyperspherical close-coupling ͓34͔, or exterior complex scaling methods ͓35͔.
B. Single ionization of moderately charged Kr ions
As the residual ion charge increases, the perturbative distorted-wave method has been found to become more accurate. There is also a general trend with increasing ion charge whereby the ionization threshold energy increases and the peak cross section value decreases. At certain ionization stages, the excitation-autoionization contribution to the cross section becomes significant. This occurs primarily when a nearly empty subshell sits above a full subshell. For example, we expect that electron-impact ionization from the ground 3d 10 4s configuration of Kr 7ϩ and the ground 2p 6 3s configuration of Kr 25ϩ would have large contributions from excitation autoionization.
Configuration-average distorted-wave results for the electron-impact single ionization of Kr ϩ are presented in Fig. 2 , where they are compared with experimental measurements ͓5,36,37͔. We note that the contributions from excitation autoionization are small, and that the theoretical results are slightly higher than most of the experimental measurements. As has been seen in previous studies of electronimpact ionization of elements along their iso-nuclear sequences, there is a great improvement in the configurationaverage distorted-wave results for the singly ionized case.
Configuration-average distorted-wave results for the electron-impact single ionization of Kr 2ϩ are presented in Fig. 3 , where they are compared with experimental measurements of Man et al. ͓38͔ . At the peak of the ionization cross section, theory and experiment are in excellent agreement.
Configuration-average distorted-wave results for Kr 3ϩ ionization are presented in Fig. 4 ͓5͔ . In the Tinschert et al. measurements ͓5͔ the presence of a small amount of ionization cross section below the theoretical ground configuration ionization threshold suggests the presence of metastable states in their beam. Configuration-average distorted-wave cross sections were generated for ionization from the excited configuration 3d 10 4s 2 4p 2 4d. We found that the onset of the ionization cross section was lower than experiment, and that the peak cross section was higher than experiment. Thus, the presence of a small fraction of metastable states in the beam may explain the differences between the configurationaverage distorted-wave results and the experimental results. Fig. 7 . In both Figs. 6 and 7, theory is compared with the recent experimental measurements of Khouilid et al. ͓13͔ . Reasonable agreement between theory and experiment is found for all of these ionization stages. As can be seen from Figs. 6 and 7 the contributions from excitation autoionization become more important as the 3d subshell becomes less occupied. For Kr 16ϩ , Kr 17ϩ , and Kr 18ϩ the 2p direct ionization contributes to the double ionization of those stages.
There are some inherent uncertainties in both the configuration-average distorted-wave calculations and in the experimental measurements for these stages which may explain the differences in the results. For highly ionized stages such as Kr 12ϩ through to Kr 18ϩ , one expects the configuration-average distorted-wave direct ionization cross sections to be quite accurate. The main difficulty with the theory for these stages is that some excited configurations lie close to the ionization thresholds for each ion. Level splitting of these excited configurations can straddle the levels over the ionization threshold, potentially increasing or decreasing the excitation autoionization cross section depending upon whether the configuration average excited energy lies above or below the threshold. It should be noted that there are also some difficulties with the experimental measurement of such highly ionized stages. The ionization cross sections for these stages are small, and are subsequently difficult to measure. It is also difficult to obtain pure ground configurations in the experimental beam, and the presence of metastable states in the beam can significantly alter the cross section. This is, in fact, an issue with some of these stages, Khouilid et al. ͓13͔ reported the presence of metastable states in their ion beam for Kr 14ϩ , Kr 16ϩ , and Kr 18ϩ . For Kr 14ϩ and Kr 16ϩ the reported metastable states are found in the ground configurations, while for Kr 18ϩ the metastable states were found in the first excited configuration.
We find good agreement above threshold between the Kr 18ϩ cross sections and our configuration-average calculation from the ground configuration, however, there is a small amount of measured ionization cross section below the configuration-average threshold. We calculated the ionization cross section for the excited configuration 3s 2 3p 5 3d of Kr 18ϩ and found that the ionization threshold was slightly below the experimentally measured threshold and that the peak cross section was above that of the experiment. Thus, the presence of a small fraction of metastable states in the beam may explain the differences between the configurationaverage distorted-wave calculations for the ground configuration and the experimental cross section.
C. Single ionization of highly charged Kr ions
As krypton becomes more highly ionized, radiative stabilization competes with the autoionization rate and the autoionization branching ratio becomes smaller than 1. Thus, for the more highly ionized stages, configuration-average branching ratios were calculated and were found to differ significantly from 1 for Kr 19ϩ through to Kr 25ϩ . As an example, we show the results for Kr 24ϩ and Kr 25ϩ in Figs. 8 and 9. It can be seen that, as expected, the inclusion of branching ratios significantly reduces the distorted-wave cross sections. The resultant cross sections are in good agreement with those calculated by Chen and Reed ͓14͔.
For the more highly ionized stages of Kr the ionization threshold continues to increase with charge state and the height of the cross section continues to decrease. For all ionization stages above Kr 25ϩ , contributions from excitation autoionization are small compared to the direct contributions, as was seen in the work of Badnell and Pindzola ͓15͔ for Kr 30ϩ , Kr 31ϩ , and Kr 32ϩ .
D. Rate coefficients for Kr ions
Direct and indirect ionization cross sections are integrated with a Maxwellian electron velocity distribution to produce rate coefficients. As an example, we present direct ionization rate coefficient results for the 1s orbital of Kr 33ϩ in Fig. 10 The krypton ionization data that are stored in the ORNL database are at configuration-average resolution. The ionization rate coefficients are archived on a reduced temperature grid spanning from 2ϫ10 2 K through to 2ϫ10 6 K. The rates are from the ground configurations, with direct ionization from the four outer subshells ͑provided they do not contribute to the double ionization of the ion͒, and indirect ionization from the three subshells below the valence shell. For the indirect rates, the configuration-average rates are stored for each excited nl subshell that is autoionizing. These configuration-average datafiles may be transformed into stage to stage ionization rates, giving the total ionization rate from one ionization stage to the next stage.
The configuration-average datafiles can also be transformed into level resolved data files ͑referred to as ADAS adf23 files ͓20͔͒. The direct ionization rates are produced using angular branching factors as described above for the case of Kr 33ϩ . The indirect ionization rates can be transformed into level resolved rates using a statistical approximation. As in the configuration-average case, the level resolved excitation-autoionization rates would be stored for each excited nl subshell that can autoionize. Note that we archive the configuration-average datafiles, along with the energy-level information and cross-section fitting coefficients required to process the files into level resolved datafiles.
IV. SUMMARY
Electron-impact single-ionization cross sections were calculated in the configuration-average distorted-wave approximation for the complete ionization sequence of krypton. Direct ionization, excitation autoionization, and autoionizing branching ratios were all accounted for. For neutral Kr the configuration-average distorted-wave results were higher than experiment. For many of the moderately charged ionization stages good agreement with crossed-beams experimental measurements was found. In particular, the configuration-average distorted-wave results for Kr 12ϩ through to Kr 17ϩ were in reasonable agreement with experiment and are the first distorted-wave calculations to be compared with experiment for those stages. For the more highly ionized stages autoionization branching ratios were calculated, and were found to decrease the excitationautoionization contributions for Kr 19ϩ through to Kr 25ϩ . Configuration-average direct and indirect rate coefficients were calculated for all ionization stages of krypton and archived in the ADAS database and at the ORNL website. The direct ionization rate coefficient can be accurately transformed into level resolved rates. The indirect rate coefficient may be transformed into level resolved rates using a statistical approximation. The computer codes used to generate the ionization cross sections and rate coefficients can be run for any isonuclear sequence with minimal user interaction and are intended for use in generating ionization data for analysis of heavy element wall erosion studies for fusion.
